Abstract-Complex electronic systems include multiple power domains and drastically varying dynamic power consumption patterns, requiring the use of multiple power conversion and regulation units. High frequency switching converters have been gaining prominence in the DC-DC converter market due to their high efficiency. Unfortunately, they are also subject to higher process variations jeopardizing stable operation of the power supply. This paper presents a technique to track changes in the dynamic loop characteristics of the DC-DC converters without disturbing the normal mode of operation using a white noise based excitation and correlation. White noise excitation is generated via pseudo random disturbance at reference and PWM input of the converter with the test signal energy being spread over a wide bandwidth, below the converter noise and ripple floor. Test signal analysis is achieved by correlating the pseudo random input sequence with the output response and thereby accumulating the desired behavior over time and pulling it above the noise floor of the measurement set-up. An off-the-shelf power converter, LM27402 is used as the DUT for the experimental verification. Experimental results show that the proposed technique can estimate converter's natural frequency and Q-factor within ±2.5% and ±0.7% error margin respectively, over changes in load inductance and capacitance.
INTRODUCTION
Switching mode DC-DC converters have been widely used as an integral part of power management integrated circuits (PMICs) and power management units (PMUs) in computer, communications, and consumer electronics. Quite often, electronic systems and SOCs contain many DC-DC converters to supply multiple voltage domains, current/voltage requirements of which may change dynamically. As an example, the Haswell processor has thirteen switching DC-DC converters [1] . In order to satisfy fast response requirements with a small form factor, the trend is to employ higher frequency switching. The switching frequency of the Haswell DC-DC converters is 140MHz [1] . Dynamic performance and stability of DC-DC converters greatly depend on the overall loop characteristics. Loop dynamics in turn are determined primarily by off-chip output filter inductance (L), inductor DC resistance (DCR), load capacitance (C), capacitor equivalent series resistance (ESR), and the on resistance of the power train transistors (Rds,on). In [1] , converters with small output L-C filter are demonstrated using package trace inductors. Design of such high switching rate converters becomes a bigger challenge as the smaller form-factor output filter (LCR filter) suffers from higher manufacturing variations. For an example, average DCR of Vishay IHLP-5050FD 4.7µH inductor is about 9.32mΩ with 1.3% manufacturing 3-sigma variation and the average DCR of Vitec 59P9022 100nH inductor is 0.3mΩ with 14.8% manufacturing 3-sigma variation. In addition to the manufacturing variations, temperature and aging also cause drift in the converter loop. In [2] , it has been shown that for a typical DC-DC converter, open loop frequency response phase margin drops 13⁰ caused by ±25% variation in the output filter and load current (see Fig.1 ). In order to ensure efficient and stable operation of the DC-DC converter, dynamic loop characteristics need to be determined and the controller needs to be tuned with respect to these characteristics. Since the loop characteristics may shift, albeit incrementally and gradually, over time and environmental conditions, this monitoring and tuning cannot be done only after manufacturing, but it needs to be repeated in the field, while the device is actively working. Any in-field measurement technique for loop characteristics requires several aspects: (a) self-test needs to be transparent with respect to the normal operation of the converter, (b) the measurement needs to be conducted within the closed-loop and at operation point, (c) output [2] response needs to be large enough to be immune to noise, and (d) the measurement needs to present with little to no computational overhead. These requirements are contradictory as measurement requires an observable response to a specific test input, and an observable response by the very definition disturbs the operation of the converter. Analysis of the observed response also typically requires extensive computational resources that are not available on the DC-DC converters. In general, characterization of the transfer function of a given circuit is also known as the system identification problem. The methods for system identification can be categorized as parametric and non-parametric [3] , [4] . Parametric identification methods start with a known structural model of the system and estimate the model parameters based on observed response. Non-parametric methods do not assume any particular model structure, but incrementally determine the time or frequency domain impulse response by exciting the system with known inputs and directly observing its response. Existing non-parametric methods are transient analysis [5] , frequency response analysis [6] , and correlation analysis [7] , [8] . Two well-known transient methods are step-input injection and impulse injection methods. Injection of a sine-wave input and measuring the gain of the system for different input frequencies is a standard transfer function analysis method. Unfortunately, such system identification methods do not satisfy the above mentioned requirements since they disturb the operation of the converter. In [9] , the authors have proposed a safe test method to correlate the converter parameters under high and low current scenarios for PMUs. Similar statistical modeling approaches, as in [9] , can also be used for the loop characterization. However, they too need an observable response at the output. A number of methods have been proposed to self-test DC-DC converters at production time. An open-loop, control-to-output system identification technique using pseudo random input stimulus is proposed in [10] . Due to its open loop mode requirement, this technique is not suitable for on-line characterization of DC-DC converters. In [11] , a Gaussian windowed closed-loop based transfer function measurement method is proposed using pseudo random input signals. The goal in [10] , [11] is different than in-field self-test, it is to improve the high-frequency response of the system. As such, higher frequency observation is necessary, which complicates the self-test problem. A multi-period maximum length pseudo random binary sequence (MLBS) is used as the excitation signal in [12] . The transfer functions are identified from the measurement data with circular cross-correlation method. However, this technique uses digital low pass filtered MLBS, making it a multi-level analog excitation, therefore this technique requires a full D/A converter to generate the MLBS and a transformer to couple the signal to the regulator output. In this work, we propose a method to determine the closed-loop transfer function of the DC-DC converters without significantly affecting its output noise beyond the existing ripple. We use a concept similar to spectrum spreading techniques (such as CDMA) in the communications domain to hide the test input/output signals within the existing noise floor of the DC-DC converter. We use a small perturbation pseudo random signal at an accessible input node of the converter (i.e. the reference and pulse width modulator, PWM, input). While the output response is not directly measurable, we use the correlation of the input and output signals to accumulate the response over time, thereby pulling it to above the noise floor. We aim to obtain the impulse response of the closed-loop operation. This impulse response (or the frequency domain equivalent, transfer function) can be analyzed to determine important stability characteristics, such as settling time, overshoot, and undershoot. In contrast to a previous similar technique [12] , the proposed approach uses only a binary pseudo random bit sequence, does not require analog coupling, extracts stability parameters directly from measurements without resorting to computationally intensive procedures, and works within the closed-loop system, making it more suitable for fully integrated DC-DC converters. We have used an off-the-shelf DC-DC converter to demonstrate our approach. Experimental results show that important parameters of the transfer function, such as natural frequency or quality factor, can be determined with high accuracy. The organization of this paper is as follows. Section II presents the theoretical framework for the proposed method to characterize the loop transfer function. Section III presents proposed self-test method and its experimental verification, and conclusions are given in Section IV.
II. CORRELATION BASED DYNAMIC LOOP
CHARACTERIZATION In steady state operation, for small signal disturbances, a switching power converter can be approximated as a linear time-invariant discrete-time system [13] . A linear time-invariant sampled system can be described as 2) and the cross-correlation becomes the discrete-time system impulse response [3] . The discrete Fourier transform (DFT) of impulse response gives system frequency response.
The properties presented in Eq. (3)- (4) need the injection signal to be white noise. In addition, it is desirable that the signal generation adds low overhead. In practical implementation, an approximate white noise is generated by pseudo random binary sequence (PRBS) generator consisting of shift registers and feedback taps [14] . The PRBS is periodic and deterministic, and the data length of the n-bit maximum length PRBS generator is given by M=2 n -1. Auto-correlation of white-noise is an ideal delta, but for PRBS, auto-correlation function is a mix of a delta function at m=0 and low amplitude components at m≠0. Similarly, the cross-correlation of PRBS with system disturbances v[n] is not zero. Hence, the cross-correlation (Rxy) of input PRBS with output signal has undesired noise terms in addition to the system impulse response due to the non-ideality in Rxx and Rxv of Eq.(3). In [11] , this noise is reduced by windowing the measured cross-correlation function. It improves the measured response but still suffers from poor precision especially at high frequencies. Significant improvement in measured response is reported in [12] by using circular correlation, where the effect of zero padded ends and heads of the linear correlation procedure is reduced by circulating the two data sequences and multiplying the corresponding bits.
III. PROPOSED SELF-TEST METHOD FOR IN-FIELD
MONITORING As mentioned in the Introduction Section, we need a low-overhead method to extract the impulse response. Instead of a full system-ID of the transfer function, we aim to determine the parameters that affect the stability of the converter. These parameters are the natural frequency and the quality factor which are determined by the dominant poles and zeros. Hence, we can limit our observation to within a small region of the entire spectrum. This limitation will simplify the process in two ways: (a) the PRBS frequency can be much lower than the switching rate and (b) multi period PRBS sequence can be used along with time-domain averaging to suppress noise [10] . Fig. 2 shows the proposed dynamic loop characterization methodology. A PRBS generator drives the disturbance at multiple accessible nodes in the DC-DC converter (e.g. reference input node, PWM input node, etc.), the output of the loop filter is correlated with the binary PRBS data using circular correlation technique. This process is repeated multiple times and the results averaged in the time domain to suppress the effects of noise. It should be noted that since the samples of the impulse function are obtained at the peak SNR point after the correlator, this approach has the highest immunity to noise and will provide comparable results to oversampling and post-processing. Additionally, the shape of the impulse will be preserved in presence of process variations but will only result in a DC shift. The extracted impulse response function can be processed in two ways. Measure the natural frequency and quality factor directly from the impulse response. Alternatively, DFT can be used to convert the time domain information into the frequency domain and measure these two parameters. The results from these two techniques are theoretically identical [15] . .5V, load current, IL=0A and the switching frequency, fs=300kHz. The PRBS frequency is set at 50kHz, providing an observation bandwidth of 25kHz. From the above nominal values, we can confirm that the dominant poles and zeros of the loop are well within this bandwidth (BW). Although there are higher order poles and zeros, these do not affect the stability of the converter. Moreover, aging will result in degradation of circuit parameters (changing pole/zero locations). Hence, for the purposes of production and in-field testing for stability, the 25kHz BW is adequate. For this experiment, the perturbation signal has been injected through two access nodes: reference input (SS/TRACK pin), to the error amplifier, and compensated signal input (COMP pin), to the PWM input, of LM27402 controller IC as shown in Fig. 3(b) . The response of the converter has been observed at the output node (Vout). The impulse response obtained from the proposed method is compared with the traditional swept sine-wave method. Output filter variation has been introduced by using four different inductors and three different capacitances that have been removed from the board and replaced. TABLE I shows the parameters of inductors and capacitors. PRBS noise has been injected using a function generator. Five periods of maximum length 10-bit PRBS data with 50kHz data rate has been applied. Total PRBS data length is M=5.(2 10 -1) =5115. Converter output response at Vout, has been captured through a data acquisition block, setup at 50kHz sampling clock with 14-bit analog-to-digital converter (ADC) precision controlled by LabVIEW. The PRBS data and captured output data have been transmitted to a PC (personal computer) for the computation of cross-correlation, averaging and DFT based estimation of converter quality factor and natural frequency using MATLAB.
B. Transfer Function from Reference Input to Output
The transfer function from the reference input to the output node includes the output filter, controller poles and zeros, and the ON resistance of the power train transistors. Out of these, the poles and zeros due to the output filter and the ON resistance of the power train fall in-band for the proposed method. These parameters are also subject to the highest levels of process variation and aging and affect the stability of the system. For the remaining parameters, only catastrophic defects will shift them to within the BW of the proposed measurement, which will be detected. Other parametric variations may affect efficiency, but not stability of the system. This transfer function is effectively a second order transfer function which is slightly under-damped by design. We have used the proposed technique to measure the natural frequency (ω0) and quality factor (Q) of this transfer function. For the comparison, we have used the traditional swept sine-wave method where the input node is excited by a single tone sine wave, the gain is measured, and the process is repeated for multiple frequencies. Input sine-wave has been generated by a function generator and output response has been measured on a high resolution oscilloscope. Fig. 4(a) shows the measured transfer function for different inductance values using PRBS method while the comparison between PRBS and sine-wave methods is (a) (b) Fig. 6 Converter PWM input to output frequency response measured: (a) for different inductance values using PRBS, and (b) comparison between PRBS and sine-wave method. depicted in Fig. 4(b) . The PRBS based response accurately tracks the sine-wave based measured response. For both PRBS and sine-wave methods, obtained ω0 and Q values have been tabulated in TABLE II and III. TABLE II  captures output filter inductance variation results, while  TABLE III highlights output filter capacitance variation results. The comparison of the PRBS based method with the swept sine-wave method gives less than ±2.5% ω0 error (εω0) for inductance and capacitance variations. In comparison with the swept sine-wave measurement, the PRBS based Q measurement error (εQ), for inductance and capacitance variations, is below ±0.7%.
It is clear that the proposed method achieves high accuracy in accordance with an industry standard method. As mentioned earlier, the advantage of the proposed method is the ability to spread the test signal energy over the 25kHz BW and hence not disturb the system operation. Fig. 5 shows the spectrum of the converter output voltage without and with the PRBS input signal. The comparison shows hardly any change in the output spectrum without and with the PRBS noise except the small increase in the noise floor. As the PRBS based method provides negligible disturbance in the output voltage, system identification based on this correlation method is the best suitable technique for in-field assessment of the DC-DC converter.
C. Transfer Function from PWM Input to Output
The proposed technique is versatile and low-impact in terms of disturbance. Hence, the same circuit can be used for multiple excitation points to extract more information from the DUT without adding more hardware overhead. We have also used the proposed technique to characterize the transfer function from the PWM input to the output. This transfer function has pass-band characteristics and is affected by the output filter, power train transistors, and the compensator poles and zeros. Deviations in this transfer function from its expected response indicate that one or more of the above parameters have drifted. From the earlier characterization, putting the two transfer functions together, it is possible to diagnose the location of the problems in terms of loop components or compensator. Fig. 6(a) 
D. Test Time and Silicon Overhead
The overall time for transfer function extraction is determined by the PRBS frequency, the number of patterns in the PRBS signal, and the number of points evaluated on the time domain transfer function. While these numbers will depend on the individual DUT, the overall test time for the experimental circuit is about 100ms. It should be noted that the proposed technique works in the background, without disturbing the converter operation. Hence, the test time is not of high importance.
The technique requires IC implementation of (a) PRBS generator, and (b) analog correlator. Here, the proposed method has numerous advantages compared to techniques proposed in the literature. The proposed technique requires only binary excitation and binary correlation. This greatly reduces the hardware overhead of the entire measurement system and leads to easier, switched-capacitor based implementation. We have implemented these building blocks at the transistor level. Integrated CMOS implementation of the proposed stimulus and measurement blocks is made up of a linear feedback shift register (LFSR) based random number generator, a switched capacitor correlator and a low frequency ADC. In a typical DC-DC converter occupying 3.5mmx3.5mm die area, proposed BIST circuitry will occupy less than 4% die area and 150uA quiescent current.
IV. CONCLUSION High frequency switching converters have been gaining prominence in the DC-DC converter market due to their high efficiency. Unfortunately, they are also subject to higher process variations jeopardizing stable operation of the power supply. This paper presents a technique to track changes in the dynamic loop characteristics of the DC-DC converters without disturbing the normal mode of operation using a white noise based excitation and correlation. White noise excitation is generated via pseudo random disturbance at reference and control input of the converter with the test signal energy being spread over a wide bandwidth, below the converter noise and ripple floor. The variation in loop characteristics is determined using a PRBS-based small perturbation white noise. The results are compared with those obtained using frequency swept sine-wave method. The technique is independent of the converter type and can be used without impacting the normal operation of the converter, during the closed-loop operation. The proposed technique is demonstrated on a TI LM27402 switch mode buck converter. The results obtained by PRBS method with the injection point at error amplifier input are within ±2.5% and ±0.7% for ω0 and Q, respectively, over variation in inductance and capacitance. The error is less than ±0.8% for ωc over inductance and capacitance variation when the injection point is at the PWM input. Single bit PRBS injection enables digital friendly implementation on silicon. 
